Abstract. Drought is one of the major abiotic stresses limiting rice (Oryza sativa L.) production. Quantitative trait loci (QTLs) for drought tolerance (DT) at the reproductive stage were identified with two sets of reciprocal introgression lines derived from Lemont Â Teqing. In total, 29 and 23 QTLs were identified in the Teqing and Lemont backgrounds, respectively, during the reproductive stage under drought and irrigated conditions for spikelet number per panicle, seed fertility, filled grain weight per panicle, plant height, and grain yield per plant. Most of these QTLs showed obvious differential expressions in response to drought stress. Another 21 QTLs were detected by the ratio of trait values under drought stress relative to the normal irrigation conditions in the two backgrounds. For 28 DT QTLs, the Teqing alleles at 23 loci had increased trait values and could improve DT under drought stress. Only five (17.9%) DT QTLs (QSnp1b, QSnp3a, QSnp11, QSf8, and QGyp2a) were consistently detected in the two backgrounds, clearly suggesting overwhelming genetic background effects on QTL detection for DT. Seven of the DT QTL regions identified were found to share the same genomic regions with previously reported DT-related genes. Introgressing or pyramiding of favourable alleles from Teqing at the validated QTLs (QSnp3a, QSnp11 and QGyp2a) into Lemont background may improve DT level of Lemont.
Introduction
Drought is the most serious abiotic stress that limits rice (Oryza sativa L.) production under rainfed conditions. Nearly 23 Mha of land in Asia (Pandey and Bhandari 2007) and 13.6 Mha in eastern India (Pandey and Bhandari 2009 ) is estimated to be drought-prone under rainfed conditions. Drought can occur at any stage during the rice-growing season, due to inadequate irrigation, uneven distribution of rainfall, variation in rainfall patterns from one year to another or inadequate rainfall in large areas (Zhang 2007) . The reproductive stage (from panicle initiation to flowering) is recognised as the most critical stage at which drought stress can directly affect grain yield (Lanceras et al. 2004; Venuprasad et al. 2009 ). Therefore, enhancement of drought tolerance (DT) in rice is becoming an important strategy to stabilise rice production in areas with rainfed agriculture.
Drought tolerance is a complex trait. The use of quantitative trait locus (QTL) mapping has contributed to a better understanding of the genetic basis of DT-related traits. An increasing number of QTLs related to drought response have been reported, and these include QTLs for osmotic adjustment (Robin et al. 2003) , grain yield and yield components (Lanceras et al. 2004; Xu et al. 2005; Wang et al. 2013) , stay-green (Jiang et al. 2004) , canopy temperature, leaf rolling and leaf drying (Yue et al. 2005) , carbon isotope discrimination (D 13 C) (Takai et al. 2009; Xu et al. 2009 ), photosynthesis parameters (Gu et al. 2012) , and root morphology and other root-related traits such as root penetration ability (Price et al. 2002a; Babu et al. 2003) . The earlier approach to improve grain yield under reproductive-stage drought stress through selection based on secondary traits such as root architecture, leaf water potential, panicle water potential, osmotic adjustment, relative water content, etc. (Jongdee et al. 2002; Pantuwan et al. 2002) did not result in the expected genetic gains in DT. Some reports indicated that in well-managed trials, the heritability of grain yield under drought stress could be comparable to that under non-stress conditions, and direct selection against grain yield under stress is the most effective way to achieve increases in yield Venuprasad et al. 2008) . The slow progress in developing rice varieties for drought-prone areas is mainly due to the complex nature of DT mechanisms, including large QTL Â environment and QTL Â recipient genetic background interactions Mishra et al. 2013) . For effective implementation of marker-assisted selection (MAS) in a rice-breeding program for DT, the targeted gene must have a large effect on grain yield under stress and be consistently expressed in different backgrounds. However, very few QTLs are actively targeted in breeding programs because most QTLs have not been validated in different genetic backgrounds and environments (Price et al. 2002b; Yue et al. 2008) , which may also have hampered the pace of DT breeding. Nevertheless, several major DT QTLs, such as qDTY 12.1 (Bernier et al. 2007; Mishra et al. 2013) , qDTY 1.1 (Vikram et al. 2011) , qDTY 6.1 (Venuprasad et al. 2012) , and the QTL closely associated with the markers EM11-11 ) and RM410 (Gu et al. 2012) have been identified and used for developing DT varieties via MAS. Through functional and comparative genomic studies, many stressresponsive transcription factors were recently shown to affect DT (Liu et al. 2007; Lu et al. 2009; Ye et al.2009; Zhao et al. 2010; Jeong et al. 2013) . However, almost all related research studies on transcriptional factors have focussed only on testing of gene function, whereas few have reported on the successful use of those genes in breeding programs for stress tolerance.
In this study, two sets of reciprocal introgression lines (ILs) were used to identify stably expressed QTLs affecting DT-related traits at the reproductive stage in different genetic backgrounds, providing insight into linked molecular markers for MAS in the development of DT cultivars.
Materials and methods Materials
Lemont, a commercial semi-dwarf japonica rice variety from southern USA, was used as the female parent to cross with Teqing, a high-yielding semi-dwarf indica rice variety from China. The F 1 plants were simultaneously backcrossed to the parents to develop two BC 1 F 1 populations, each with 100 plants. Each of the BC 1 F 1 plants was used as the male parent to backcross with the parents to produce two BC 2 F 1 populations, respectively. Consecutive backcrossing was carried out in the same way until BC 3 F 1 and BC 4 F 1 populations. During each generation, the BC progenies were allowed to self for three-five generations without any selection. Finally, two sets of reciprocal ILs were developed, consisting of 201 lines (30 BC 2 F 5 , 131 BC 3 F 4 and 40 BC 4 F 3 ) in the Lemont background (LT-ILs) and 252 lines (133 BC 2 F 5 , 96 BC 3 F 4 and 23 BC 4 F 3 ) in the Teqing background (TQ-ILs). In total, 224 and 175 lines with similar heading dates were selected from the ILs with the Teqing background (TQ-ILs) and Lemont background (LT-ILs), respectively, and used to provide materials for this study.
Evaluation of DT-related traits at the reproductive stage
All selected ILs and their parents were planted under both normal irrigation and drought-stress conditions at the experimental farms of the Chinese Academy of Agricultural Sciences at Hainan (18.38N, 109.38E) during the 2010-11 dry season (November 2010 -April 2011 . The soil of the test field was a sandy clay. The field experiment was arranged in a randomised complete-block design with three replications. In each plot, two rows with 12 plants per row were transplanted at a spacing of 25 cm between rows and 20 cm between plants. The fields were managed according to local practice. Total nitrogen (N) fertiliser of 260 kg N ha -1 was applied (~80 kg N ha -1 as basal fertiliser and 60 kg N ha -1 as topdressing each at 14, 30, and 60 days after transplantation). In the drought-stress treatment, the field was drained at tillering stage, 30 days after transplantation. Flush irrigation was then applied twice when drought stress became severe, at an interval of 10 days (total water applied 2400 m 3 ha -1 ), to create moderate water stress at the reproductive stage. The resulting soil water content was~19-22% (v/v) based on constant monitoring using the time domain reflectometry method (TRIME-FM moisture meter; IMKO GmbH, Ettlingen, Germany) at a soil depth of 0-30 cm. No rainfall occurred during this period at the study site. In the irrigated control group, water was applied whenever necessary until most lines had reached the grain-filling stage (total water applied 4800 m 3 ha -1 ). Ten representative mature plants in each plot from both drought-stress and irrigated conditions were measured for plant height (PH), seed fertility (SF), spikelet number per panicle (SpNP), filled grain weight per panicle (FGWP) and grain yield per plant (GYP).
Next-generation sequencing, SNP calling and genotyping
Sequencing and single nucleotide polymorphism (SNP) calling for the two parents, and SNP genotyping of the two sets of ILs, were done at the College of Life Sciences, Peking University. Rice leaves were collected from~10 seedlings for the two parents. Plant DNA extraction kits (Qiagen N.V., Venlo, the Netherlands) were used for the genomic DNA extraction. A paired-end sequencing library was constructed using~10 mg genomic DNA following the manufacturer's instructions (Illumina Inc., San Diego, CA, USA) (Chen et al. 2014) . The 100-bp short reads at each end were generated following the manufacturer's base calling pipeline (SolexaPipeline-1.3; Illumina Inc.).
High-throughput reads of Teqing and Lemont were mapped to the reference Nipponbare genome (MSU build 6.1) using BWA version 0.6 (Li and Durbin 2010) . Then the SNPs from Teqing and Lemont were extracted using Perl scripts with high-quality read number more than 8. Further, only SNPs without other SNPs/ indels in 100-bp flanking sequence were kept. All of the SNPs were sent to Illumina Inc. for designability rank score, which indicates the success rate for the GoldenGate assay. Finally, 384 SNPs distributed evenly across the genome (about one marker per 1 Mb) were further selected for oligo pool assay (OPA) synthesis with relative high success rate according to the designability rank score.
The SNP genotyping was carried out using 250 ng of DNA for each IL following Illumina GoldenGate assay (Chen et al. 2011) . Genotyping data for 384 SNPs were generated from the BeadXpress system using GoldenGate assay and VeraCode technology, which can genotype for 384 markers in a single plate. The intensity data for each SNP were normalised and cluster positions were assigned using Illumina GenomeStudio Genotyping Analysis Module version 1.9.4. All SNP loci were manually checked for removing errors during calling the homozygous and heterozygous clusters.
Validation of the DT QTLs
To confirm the DT QTLs commonly detected in the two backgrounds, 10 near-isogenic ILs were selected (five from TQ-ILs, and five from LT-ILs) based on the introgressed donor alleles at the detected QTL and the recurrent parent's genome. All lines and the recurrent parents (Teqing and Lemont) were planted under both normal irrigation and drought-stress conditions at the experimental farms of the Chinese Academy of Agricultural Sciences at Hainan during the 2011-12 dry season (November 2011 -April 2012 . The field experiment was arranged in a randomised complete-block design with five replications. In each plot, two rows with 12 plants per row were transplanted at a spacing of 25 cm between rows and 20 cm between plants. Drought stress treatment followed the same procedure as implemented in 2010-11 dry season. At maturity, 10 representative mature plants in each plot from both drought-stress and irrigated conditions were measured for SF, SpNP and GYP. A t-test was performed to indicate the significant differences in mean data of the tested traits between the ILs and the recurrent parents. Significant differences indicated that the DT QTLs were true in the given background.
Data analyses
Correlation coefficients among different traits were determined by PROC CORR of SAS (SAS Institute 1996) . Analysis of variance was performed using SAS PROC GLM to examine trait variation attributable to differences between normal irrigated and drought-stress conditions among different ILs within each population (TQ-ILs and LT-ILs). Phenotypic data of ILs obtained from plants under normal irrigated and drought-stress conditions and the relative trait ratio of drought-stress to irrigated conditions were used as input data to identify QTLs affecting PH, SF, SpNP, FGWP and GYP by single marker analysis using the software IciMapping 3.0 . The probability level of logarithm of the odds (LOD) score of !2.5 was used as the threshold for declaring the presence of a QTL.
We realised that the use of a single arbitrary threshold in QTL mapping could result in detection of a QTL in one environment but not in another environment. To further examine the extent to which inconsistent QTL detection across the two environments (normal irrigated and drought-stress conditions) actually occurred from type II errors, all QTL identified under one condition were re-examined using the data from the other condition with a minimum significance threshold of P < 0.05. The test statistics and QTL parameters associated with the QTLs were also reported, as long as the QTL reached the minimum threshold (Li 2001; Xu et al. 2005) .
Results

Physical map and genome composition of the two sets of ILs
The same set of 384 well-distributed SNP markers was used for genotyping of the 224 TQ-ILs and 175 LT-ILs, respectively. According to the physical distance, SNP physical maps for the reciprocal ILs were constructed as shown in Fig. 1 (Fig. 2) . Obviously, the reciprocal introgression line populations were skewed towards one parent or the other as expected.
Performance of DT-related traits for the reciprocal ILs and their parents
Teqing had significantly higher SpNP, FGWP, PH and GYP than Lemont under both the normal irrigated and drought-stress conditions (Table 1 ). Moreover, Teqing had significantly higher SF than Lemont under drought-stress condition but similar SF under the normal irrigated condition. The ratio of traits under drought-stress to normal conditions for SpNP, SF and GYP was significantly higher in Teqing than in Lemont. Compared with normal conditions, Teqing and Lemont lost 41% and 59% of GYP under drought-stress conditions, respectively, indicating that Teqing was more drought-tolerant than Lemont. The ILs showed transgressive segregation and continuous variation for all drought-related traits. In TQ-ILs, 12 (5.4%) ILs had significantly higher GYP than that of the recurrent parent (i.e. Teqing) under drought stress, with a mean of 22.6 g and a range 20.3-25.1 g. In LT-ILs, 28 (16.0%) ILs had significantly higher GYP than the recurrent parent (i.e. Lemont), with a mean of 12.7 g and a range 9.2-23.3 g.
In TQ-ILs, variations attributable to stress treatment were highly significant (as indicated by ANOVA) for all measured traits and explained, on average, 35.0% of the total trait variation, ranging from 25.2% for SpNP to 46.8% for PH (Table 2) . Variations among ILs were highly significant for all measured traits and explained, on average, 35.9% of the total phenotypic variation, ranging from 24.9% for PH to 47.9% for SF. The genotype Â environment interaction was also significant for all traits except SpNP and SF, and accounted for a small portion of the total phenotypic variation (16.5% on average). In LT-ILs, a similar trend was observed for the phenotypic variation attributable to stress treatment. However, the genotype Â environment interaction was significant for all traits except SF (Table 2) .
Correlations among DT-related traits in the reciprocal ILs
In the reciprocal IL populations, GYP had significant positive correlations with SpNP, FGWP, SF, and PH under normal irrigation and drought-stress conditions, as well as with the relative trait ratios of drought-stress to normal conditions (Table 3) . GYP had similar relationships with PH and its component traits (i.e. SpNP, FGWP, and SF) under different water treatments. Strong positive correlations (from r = 0.24*** for SpNP in LT-ILs to 0.47*** for SpNP in TQ-ILs) were observed for all traits between normal and drought-stress conditions in the reciprocal ILs, indicating consistent effects of drought stress on these traits across all ILs. As expected, the relative trait ratio of drought stress to normal irrigation for PH, GYP and its component traits had significant positive correlations (from r = 0.51*** for SpNP and PH to 0.78*** for SF) with these corresponding traits under drought-stress conditions, whereas significant negative correlations (from r = -0.15* for SF to -0.56*** for GYP) were observed for most traits under normal irrigation conditions in the reciprocal ILs.
QTLs for DT-related traits detected in the TQ-ILs
Twenty-nine QTLs on nine of 12 rice chromosomes were detected for DT-related traits in TQ-ILs, 23 of which were detected under normal irrigated conditions, 13 detected under drought-stress conditions, and 15 detected by the relative trait Table 4 ). These QTLs were classified into three types based on their behaviours under drought-stress and irrigated conditions. Type I included 16 QTLs that were expressed only under normal irrigation conditions, including five (QSnp1b, QSnp2, QSnp3a, QSnp6b and QSnp11) for SpNP, two (QSf3 and QSf5) for SF, four (QFgwp3, QFgwp5b, QFgwp11a and QFgwp12) for FGWP, and five (QGyp2a, QGyp2b, QGyp3, QGyp5 and QGyp11) for GYP. The Lemont alleles at all of the above QTLs except QSnp6b, QSf5 and QFgwp12 resulted in increased trait values. Type II included seven QTLs detected under both drought-stress and normal irrigation conditions, including one (QSnp1a) for SpNP, two (QSf1a and QSf8) for SF, one (QFgwp1) for FGWP, and three (QPh1, QPh3 and QPh9) for PH, and the Lemont alleles at all QTLs except QSf8 decreased trait values. Type III included six QTLs detected only under the drought-stress condition, including two (QSnp9 and QSnp12) for SpNP, one (QSf11) for SF, one (QFgwp8) for FGWP, one (QPh2b) for PH, and one (QGyp12a) for GYP. The Lemont alleles at all QTLs except QSnp12 and QPh2b resulted in decreased trait values. In addition, 15 QTLs (QSnp1b, QSnp2, QSnp3a, QSnp11, QSnp12, QSf3, QSf8, QFgwp3, QFgwp5b, QFgwp11a, QGyp2a, QGyp2b, QGyp3, QGyp5, and QGyp11) were identified for affecting the trait ratio under drought-stress to normal irrigation conditions, and the Lemont alleles at all above QTLs except QSnp12 and QSf8 were associated with decreased relative trait ratio or decreased trait stability under drought stress.
QTLs for DT-related traits detected in the LT-ILs
Likewise, 23 QTLs on 10 of 12 rice chromosomes were detected for the DT-related traits in LT-ILs, including 13 detected under the normal irrigated conditions, 12 under drought-stress conditions, and 11 by the relative trait ratio of drought to normal irrigation conditions (Fig. 1, Table 5 ). Eleven QTLs belonged to type I, which was expressed only under the normal irrigation condition, including five (QSnp3a, QSnp3b, QSnp4a, QSnp6a and QSnp11) for SpNP, one (QSf7b) for SF, one (QFgwp7) for FGWP, one (QPh2a) for PH, and three (QGyp2a, QGyp4 and QGyp12b) for GYP. The Teqing alleles at QSnp3b, QSnp6a, QPh2a, QGyp4 and QGyp12b increased trait values, whereas those at the remaining six QTLs decreased trait values. Two QTLs (QPh11 and QPh12) affecting PH on chromosomes 11 and 12 belonged to type II, which was simultaneously detected under both drought-stress and normal irrigation conditions, and the Teqing alleles at both QTLs increased PH under the two conditions. Type III included 10 QTLs, which were detected only under drought-stress conditions, including two (QSnp1b and QSnp4b) for SpNP, four (QSf1b, QSf5, QSf7a and QSf8) for SF, two (QFgwp5a and QFgwp11b) for FGWP, one (QPh7) for PH, and one (QGyp3) for GYP. The Teqing alleles at all QTLs except QSnp1b, QSf5, QFgwp5a and QGyp3 resulted in decreased trait values. In addition, 11 QTLs, which contributed to the trait ratio under drought-stress to normal irrigation conditions, were identified, and the Teqing alleles at seven QTLs (QSnp1b, QSnp3a, QSnp4a, QSnp11, QSf5, QFgwp5a and QGyp2a) increased trait values or improved trait stability under drought Table 1 . Performance of drought tolerance related traits in the reciprocal introgression lines derived from Lemont ¾ Teqing SpNP, Spikelet number per panicle; SF, seed fertility (%); FGWP, filled grain weight per panicle (g); PH, plant height (cm); GYP, grain yield per plant (g); *P < 0.05; **P < 0.01; ***P < 0.001 represent significant differences between the two parents 
Confirmation of the DT-QTLs
Five QTLs (QSnp1b, QSnp3a, QSnp11, QGyp2a and QSf8) affecting DT-related traits SpNP, GYP and SF were commonly identified under the reciprocal backgrounds. Among them, the Teqing alleles at the first four QTLs were associated with increased trait values or improved DT, whereas the Lemont allele at QSf8 increased SF or contributed to DT. Based on selections against foreground favourable allele introgression from the donor parent and background of the recurrent parent, five lines (GG82, GG91, GG249, GG237 and GG140) were selected from the TQ-ILs, and another five lines (GG343, GG313, GG306, GG321 and GG340) were selected from the LT-ILs by MAS. Specifically, the four ILs GG82, GG91, GG249 and GG237 carried the corresponding introgressed Lemont alleles at QSnp11, QSnp3a, QSnp1b and QGyp2a but no Lemont allele introgressions at the other SpNP or GYP QTLs, along with the Teqing's genome of 91.9%, 97.1%, 94.0% and 94.5%, respectively (Fig. 3a) . The four ILs GG343, GG313, GG306 and GG321 carried the corresponding introgressed Teqing alleles at QSnp11, QSnp3a, QSnp1b and QGyp2a but no Teqing allele introgressions at the other SpNP or GYP QTLs, along with the Lemont's genome of 88.7%, 86.4%, 93.6% and 91.7%, respectively (Fig. 3b) . In addition, GG140 and GG340 were selected against the Lemont or Teqing allele introgression at QSf8 on chromosome 8, but no Lemont or Teqing allele introgressions at the other SF QTLs, together with 93.8% and 90.5% Teqing and Lemont genome, respectively. Using above 10 near-isogenic ILs, the four QTLs QSnp11, QSnp3a, QGyp2a and QSf8 were validated under the reciprocal backgrounds. For instance, in Teqing background, GG82 and GG91 had significantly higher SpNP (245.8 and 258.6) under normal irrigated conditions but significantly lower relative trait ratio (0.74) of drought-stress to irrigated conditions than the recurrent parent Teqing (217.5 and 0.87), whereas no significant difference between GG249 and Teqing was detected for SpNP under normal irrigated and drought-stress conditions or for the relative trait ratio of drought-stress to irrigated conditions (Table 6 ). Similarly, GG237 had significantly higher GYP (34.2) under normal irrigated conditions but significantly lower relative trait ratio (0.46) of drought-stress to irrigated conditions than the recurrent parent Teqing (28.7 and 0.60). GG140 had significantly higher SF (0.91, 0.85 and 0.93) under normal irrigated and drought-stress conditions as well as relative trait ratio of drought-stress to irrigated conditions than the recurrent parent Teqing (0.81, 0.67 and 0.83). The Teqing alleles at QSnp11, QSnp3a and QGyp2a increased trait values or improved DT, and the Lemont allele at QSf8 increased trait values or improved DT. The above four QTLs were also verified in Lemont background with the same direction of additive gene effect. So, it was indicated that the four QTLs QSnp11, QSnp3a, QGyp2a and QSf8 were true and were stably expressed under both Teqing and Lemont backgrounds across years.
Discussion
Identification of QTLs contributing to DT
Among the 29 and 23 QTLs affecting SpNP, SF, FGWP, PH and GYP identified in TQ-ILs and LT-ILs, respectively, most showed obvious differential expressions in response to drought stress. In total, 21 QTLs were identified for the relative trait ratio of drought-stress to normal irrigation conditions in the two sets of QSnp1b, QSnp2, QSnp3a, QSnp4a, QSnp11, QSf3, QSf5, QFgwp3, QFgwp5a, QFgwp5b, QFgwp11a, QGyp2a, QGyp2b, QGyp3, QGyp5 and QGyp11) were from Teqing, whereas alleles at five QTLs (QSnp12, QSf7a, QSf8, QFgwp11b and QPh7) were from Lemont, indicating that alleles at these loci can improve trait stability or DT under drought stress. Previous studies indicated that DT at the reproductive stage could be assessed by relative performance of traits related to productivity, such as yield, spikelet fertility, biomass, and fertile panicles (Yue et al. 2005 (Yue et al. , 2006 . Therefore, we concluded that those QTLs that could increase the relative trait ratio of stress to irrigated conditions had largely contributed to DT based on their reasonable contribution towards trait stability across different water conditions. We considered that QTLs contributing to DT consisted of two types. One included 21 QTLs affecting the relative trait ratio detected in the two reciprocal ILs because of their obvious contribution to trait stability. The other comprised seven QTLs, i.e. QSnp1a for SpNP, QSf1a for SF, QFgwp1 for FGWP, and QPh1 and QPh9 for PH detected in TQ-ILs and QPh11 and QPh12 for PH detected in LT-ILs. They behaved similarly with similar quantity and the same direction of gene effect, i.e. showing stability under the stress and irrigation conditions. The Teqing alleles at above seven loci increased DT.
Effect of genetic background on detection of QTLs for DT
Selection for DT and many QTLs affecting grain yield identified under drought stress has produced effects that are highly specific to the genetic background (Lafitte et al. 2006; Maccaferri et al. 2008) . In this study, the reciprocal ILs are skewed towards one parent or the other and show relatively uniform genetic background, thus ensuring that QTL mapping of DT was less affected by the genetic 'noise' from co-segregating, non-target traits such as heading date and plant size. Therefore, genetic background effect on QTL detection could be revealed by comparing mapping results from two reciprocal ILs. Twentyeight DT QTLs were identified in the reciprocal ILs. Only five (17.9%) QTLs (QSnp1b, QSnp3a, QSnp11, QSf8, and QGyp2a) were consistently detected in the two backgrounds, and the parental contributions of the alleles to DT appeared in the same directions between the reciprocal backgrounds. It was clearly suggested that most DT QTLs detected in one background were not identified in another background, i.e. genetic background effects exist on QTL detection of DTrelated traits (Collins et al. 2008; Wang et al. 2013) . The QTL Â genetic background interaction has been reported as a major factor limiting the use of QTLs for MAS in rice Bernier et al. 2008) .Therefore, caution is advised especially when QTL mapping information is applied to rice breeding of DT-related traits by MAS, as the expression of QTLs is overwhelmed by genetic background.
Comparing the current results with previous studies, we found that QSnp1b affecting SpNP, detected in the region of 38493222-39565366 on chromosome 1 in this study, was mapped together with qDTY 1.1 affecting grain yield detected in N22 Â Swarna, N22 Â IR64, and N22 Â MTU1010 populations under drought stress (Vikram et al. 2011) , the QTL controlling leaf rolling, and relative water content (Price et al. 2002b) , as well OsCOIN (Liu et al. 2007) ; OsNAC6 (Nakashima et al. 2007) ; AP59 ); ARAG1 (Zhao et al. 2010) ; OsTIFY11a (Ye et al.2009 ); OsNAC045 (Xiao et al. 2007; Zheng et al. 2009 as QRvd1, QRvd1 and QDlr1 for root volume, root growth rate in volume, and number of days to leaf rolling under drought conditions (Yue et al. 2006) . The QTL QGyp2a for GYP detected in the region of 10693848-11540193 on chromosome 2 was mapped together with qDTY 2.1 affecting grain yield (Venuprasad et al. 2009; Dixit et al. 2012) , the QTL for osmotic adjustment (Robin et al. 2003) , and the QRgvd2 for root growth rate in volume under drought conditions (Yue et al. 2006) . The QTL QSnp3a governing SpNP was localised in the region of 3502670-4681740 on chromosome 3 and was mapped together with the rn3 for root number in PVC-pipe at mature stage (Qu et al. 2008) , QRvd3 for root volume, and QRgvd3 for root growth rate in volume under drought conditions (Yue et al. 2006) , as well as the QTL for leaf rolling score in paddy soil condition (Yue et al. 2005) . The QTL QSf8 influencing SF detected in the region of 19556500-20662759 on chromosome 8 was mapped together with QTLs for several DT related traits in rice across a variety of genetic backgrounds and environments, such as oa8.1 for osmotic adjustment (Nguyen et al. 2004) , the QTL for relative water content (Price et al. 2002a) , the QTL for leaf drying (Babu et al. 2003) , the QTL for drought response index (DRI) (Yue et al. 2005) , and QGy8 for grain yield under stress. The QTL QSnp11 affecting SpNP, which was located in the region of 749467-1767997 on chromosome 11, was mapped together with the QMrdd11 affecting maximum root depth and QDrvd11 for deep root rate in volume under drought conditions (Yue et al. 2006) and QTLs for panicle number, filled grains per panicle, seed fertility and grain yield per plant simultaneously detected under drought and irrigated conditions at reproductive stage (Wang et al. 2013) . The above five regions associated with DT-related traits were consistently detected in different mapping populations (or backgrounds) across different environments and therefore may be background-independent loci, which can be used as target genomic regions for DT rice-breeding programs via MAS.
Comparison of identified DT QTLs with DT-related genes in earlier studies
Through functional and comparative genomic studies, many stress-responsive transcription factors (TFs), such as members of the APETALA2 (AP2), basic leucine zipper (bZIP), zincfinger, v-myb avian myeloblastosis viral oncogene homologue (avian) (MYB), and NAM, ATAF, and CUC (NAC) TF families have been well characterised with regard to their roles in regulation of stress responses (Shinozaki and YamaguchiShinozaki 2007) . Among the TFs, an increasing number of genes related to drought response have been identified, and several regulatory genes have been analysed in detail.
Comparisons of DT QTLs identified at the reproductive stage in this study with the previously reported DT-related genes was performed using the O. sativa subsp. japonica Kato Gramene annotation sequence map 2009 (Gramene 2013) .We found that QSnp1a, QFgwp1 and QPh1 controlling SpNP, FGWP and PH, which were located in 554916-1536267 on chromosome 1 in TQ-ILs, were mapped together with OsCOIN, encoding a zincfinger TF (Liu et al. 2007) , which resulted in enhanced tolerance to chilling, salt and drought stresses when overexpressed in transgenic rice plants. QTL QSnp1b affecting SpNP detected in the two sets of ILs, and QSf1a controlling SF detected in the TQ-ILs, were mapped together with OsNAC6 (Nakashima et al. 2007) in the region of 38493222-39565366 on chromosome 1, which encoding an NAC TF, associated with improved tolerance to drought. QSnp2 and QGyp2b influencing SpNP and GYP, which were located in 26438150-27547601 on chromosome 2 in TQ-ILs, were mapped together with AP59 ) and ARAG1 (Zhao et al. 2010 ) encoding two AP2 TFs, which were shown to be involved in drought response. QTL QSnp3a controlling SpNP detected in the two sets of ILs, and QSf3, QFgwp3 and QGyp3 for SF, FGWP and GYP detected in the TQ-ILs were mapped together with OsTIFY11a in the region of 3502670-4681740 on chromosome 3, which encodes a ZIM family gene exhibiting significant improvement in tolerance against drought and high salinity when overexpressed in transgenic rice plants (Ye et al. 2009 ). QTL QSnp11 affecting SpNP detected in the two sets of ILs, and QFgwp11a and QGyp11 underlying FGWP and GYP detected in the TQ-ILs, were mapped together with two NAC TF genes in the region of 749467-1767997 on chromosome 11, OsNAC10, which was associated with significantly increased DT (Jeong et al. 2010) , and OsNAC045, which could be induced by drought, high salinity and abscisic acid (Xiao et al. 2007; Zheng et al. 2009 ). QTL QPh9 governing PH, which was localised in 17141056-18060875 on chromosome 9 in TQ-ILs, was mapped together with OsbZIP72 encoding a zinc-finger TF, which was a positive regulator of ABA response and DT in rice ). QTL QPh11 governing PH located in 4572851-5558765 on chromosome 11 in LT-ILs was mapped together with OsNAC5 (Jeong et al. 2013 ) encoding a NAC TF, which is expressed specifically in stamen and induced by drought and salt stresses. Allelism of the above DT QTLs identified in this study to the reported DT-related genes will need to be further clarified after fine mapping and cloning of the DT QTLs.
Implications for rice breeding of DT
The identification and introgression of QTLs for grain yield under reproductive-stage drought stress from landraces and wild progenitor species into elite rice varieties is a fast-track approach in breeding drought-tolerant rice varieties (Vikram et al. 2011) . However, very few DT rice varieties have been developed using MAS and released to farmers. Genetic drag associated with transfer of target QTL from landraces and wild progenitor species is one of the major barriers. During a long domestication and artificial selection, some favourable alleles have been intentionally or inadvertently introgressed into modern varieties from wild rice or landrace (Kovach et al. 2007 ).
Recent studies on molecular quantitative genetics of complex traits demonstrated the fact that even though the germplasms or modern varieties do not show stress tolerance, they do harbor some excellent genes such as drought tolerance Lafitte et al. 2006; He et al. 2010) , salt tolerance (Cheng et al. 2012; Wang et al. 2012) , and cold tolerance (Andaya and Tai 2006; Jiang et al. 2008) . Such favourable genes were found to be 'hidden' in germplasms, and advance backcross populations appears to be an effective way to mine them by introgressing and further pyramiding favourable genes of parents and different donors with molecular marker technologies Guan et al. 2010 ). Therefore, it is possible to improve the DT level of existing elite varieties through identifying 'hidden' favourable alleles segregating in existing breeding populations, and introgressing and pyramiding them into elite backgrounds by MAS.
Based on evaluation of GYP under drought stress and normal irrigated conditions, Teqing and Lemont lost 41% and 59% of GYP under drought stress, respectively, indicating that Teqing is moderately tolerant to drought and Lemont is susceptible. Among 28 DT QTLs identified in the reciprocal ILs, 23 QTLs (82.1%) favourable alleles for improved DT-related traits are from Teqing, and five (17.9%) from Lemont. Owing to introgression of favourable alleles for DT from Teqing, as many as 28 ILs had significantly higher GYP than that of its recurrent parent, Lemont. Similarly, 12 ILs had significantly higher GYP than that of Teqing due to introgression of favourable alleles for DT from Lemont. Therefore, DT of Lemont could be much improved by introgressing or pyramiding the Teqing alleles at QSnp3a, QSnp11 and QGpy2a, which were validated in the progeny test and stably expressed in different backgrounds. Likewise, DT of Teqing could be further improved by introgressing the Lemont allele at QSf8, which was confirmed and stably expressed in different backgrounds. The above QTLs commonly detected in the reciprocal backgrounds may also be useful for improving DT of other highly adaptable genotypes through MAS.
